In recent studies, we demonstrated that the addition of block copolymers to binary donor-acceptor blends represents an effective approach to target equilibrium, co-continuous morphologies of interpenetrating donors and acceptors. Here, we report a study of the impact of all-conjugated poly(thieno[3,4-b]-thiophene-co-benzodithiophene)-b-polynaphthalene diimide (PTB7-b-PNDI) block copolymer additives on the electronic properties and photovoltaic performance of bulk heterojunction organic photovoltaic active layers comprised of a PTB7 donor and a phenyl-C 61 -butyric acid methyl ester (PCBM 61 ) acceptor.
Introduction
Bulk heterojunction (BHJ) organic photovoltaic (OPV) devices are comprised of an interpenetrating network of donor and acceptor semiconductors. Systematic materials design and processing optimization has produced tremendous progress in device performance, and recent studies have reported singlejunction device efficiencies exceeding 10%.
1,2 However, a key challenge in further development of these devices is nding reliable strategies for controlling and directing the blend morphologies, which exert a signicant impact on the electronic properties, stability, mechanical robustness, and overall functionality. A number of strategies have been implemented to optimize and control the nanoscale active layer morphology, including the use of processing additives, solvent annealing, surface treatment, and others, as detailed in recent reviews and studies.
3-13
The use of block copolymer additives represents an effective approach to control the donor-acceptor morphology. Indeed, properly designed block copolymer additives can be utilized to improve thermal stability and potentially produce equilibrium, bicontinuous phases of interpenetrating donor and acceptor semiconductors. As detailed in recent reviews, a number of studies have reported the design and implementation of conjugated block copolymers in bulk heterojunction active layers and demonstrated clear benets to using BCP additives.
14-17 For example, Chen et al. studied poly(3-hexylthiophene)-b-poly(ethylene oxide) (P3HT-b-PEO) additives and found that these additives could be used to tune domain sizes in thermally annealed OPVs. 18 Sun et al. reported P3HT-b-polystyrene (PS) additives that had a benecial impact on stability, crystallinity, and photovoltaic performance. 19 Kim et al. reported P3HT additives with poly(4-vinylpyridine) (P4VP) sidechains that improved thermal stability. 20 However, a limitation of these prior studies is that they have focused primarily on block copolymers with optically and electronically inactive polymer blocks or backbones, which can be detrimental to electronic properties, especially at higher loadings. Furthermore, these studies have focused predominantly on BHJ OPVs with P3HT as the donor, while there is still less clarity on effects expected in BHJ OPVs based on the more recently explored noncrystalline, alternating copolymers as the donor.
Fully conjugated block copolymers with donor and acceptor blocks can be utilized as additives to both modulate the morphology and potentially improve the electronic properties of the active layer. However, only a few studies have investigated all-conjugated BCPs as additives to BHJ OPVs. Mulherin et al. demonstrated that all-conjugated BCP additives could suppress phase separation at 40 wt% loadings. 21 Lee et al. found that all-conjugated BCP additives improved the performance of P3HT/phenyl-C 61 -butyric acid methyl ester (PCBM 61 ) BHJ OPVs. 22 Recently, we investigated the morphological impact of fully conjugated block copolymers as additives for dictating the morphology of poly(thieno [3,4-b] -thiophene-co-benzodithiophene) (PTB7) bulk heterojunction OPVs. We applied a combined simulation and experiment-based approach to investigate if block copolymer (BCP) additives can be used to intelligently control the selfassembled morphologies of PTB7/PCBM 61 mixtures. Single chain in mean eld (SCMF) simulations 23, 24 were used to identify regions within the PTB7/PCBM phase diagram where all-conjugated poly(thieno [3,4-b] -thiophene-co-benzodithiophene)-b-poly(naphthalene diimide) (PTB7-b-PNDI) block copolymer (BCP) additives would lead to co-continuous equilibrium morphologies desired for photovoltaic applications. These simulations predicted the formation of cocontinuous phases at much higher block copolymer additive concentrations than that is typically studied (>40 wt%), and TEM and X-ray diffraction analysis of blend lms produced qualitative agreement with computational predictions. 25 In a subsequent study, we followed up with more detailed SCMF simulations that provided design rules for producing bicontinuous phases with BCP compatibilizers. 26 These studies demonstrate that all-conjugated block copolymer additives are useful for dictating the morphology of BHJ OPVs, but the impact of these additives on electronic properties and performance is unclear.
Here, we report a study of the impact of all-conjugated PTB7-b-PNDI block copolymer additives on the electronic properties and photovoltaic performance of bulk heterojunction OPV active layers comprised of a PTB7 donor and a PCBM 61 acceptor. We nd that small amounts of BCP additives lead to a large increase in the device open-circuit voltage (V OC ), and the V OC is pinned to this higher value for higher BCP additive loadings. By comparison, PNDI homopolymer additives produce a continuous increase in V OC with increasing loading. We hypothesize and provide evidence in the form of device and morphology analyses that the impact of V OC is due to the formation of a parallel bulk heterojunction 27, 28 , and tri(o-tolyl)phosphine (12 mg, 5.88 mmol) were added to a microwave reaction tube and transferred to a glovebox where anhydrous toluene (10 mL) was added. The sealed reaction tube was transferred to a microwave reactor, where the polymerization proceeded at 180 C for 1 hour. The polymer was precipitated in 300 mL of cold methanol, and further puried by washing in a Soxhlet extractor with acetone and hexane, and then collected in chloroform. The chloroform fraction was concentrated and precipitated in cold methanol and dried under vacuum overnight. , and tri(o-tolyl)phosphine (6 mg, 1.96 mmol) were added to a microwave reaction tube and transferred to a glovebox where anhydrous chlorobenzene (4 mL) was added. The reaction tube was transferred to a microwave reactor, where the polymerization proceeded at 180 C for 1 hour. The polymer was precipitated in 300 mL of cold methanol, and further puried by washing in a Soxhlet extractor with methanol, acetone, and hexanes and collected in chloroform. The chloroform fraction was concentrated and precipitated in cold methanol and dried under vacuum overnight. The PTB7 weight fraction was determined by comparing the integrated areas of peaks at 7.50-7.90 ppm (PTB7, 2H) and 8.00-8.84 ppm (PNDI, 2H). 
Results and discussion
The majority of all-conjugated block copolymers are comprised of one or more polythiophene blocks, [29] [30] [31] [32] in which the polythiophene block can be synthesized by controlled catalyst transfer polycondensation. [33] [34] [35] Here, we target a conjugated block copolymer comprised of two alternating copolymers, PTB7 and PNDI (Scheme 4). Our overall approach to the synthesis of PTB7-b-PNDI block copolymers involves sequential Stille polycondensation reactions along with purication of reactive intermediates and the nal product through selective solvent extraction. First, PTB7 was synthesized in a Stille polycondensation reaction followed by fractionation by solvent washing in a Soxhlet extractor. Low and high PTB7 molecular weight fractions were collected by washing with hexanes and chloroform, respectively. Next, a PTB7-b-PNDI block copolymer was synthesized in a Stille polycondensation reaction in the presence of PTB7 macroreagent from the low molecular weight fraction extracted from the rst step. Aer polymerization, the nal material was washed in a Soxhlet reactor to remove oligomers and unreacted PTB7 macroreagent before collecting in chloroform.
The molecular weight, composition, and polydispersity of the PTB7-b-PNDI block copolymer along with PTB7 and PNDI homopolymers were determined through a combination of size exclusion chromatography (SEC) (Fig. 1) , 1 H NMR (ESI Fig. S1 -S3 †), and steady state UV-Vis absorbance spectroscopy (ESI Fig. S4 †) , and are tabulated in Table 1 . SEC analysis shows a clear shi to shorter retention times for the nal block copolymer product, and 1 H NMR analysis conrms the presence of both PTB7 and PNDI in the nal product. Time of ight secondary ion mass spectroscopy (TOF-SIMS) also shows evidence of both PTB7 and PNDI in the nal product, as shown Scheme 1 Synthetic scheme for the preparation of PTB7.
Scheme 2 Synthetic scheme for the preparation of PNDI.
Scheme 3 Synthetic scheme of PTB7-b-PNDI.
in ESI Fig. S5 . † Although the presence of some PNDI homopolymers cannot be excluded due to the overlap in the distributions, little or no PTB7 macro-reagent is present in the nal product. SEC-UV-VIS analysis shows coincident peaks at both 380 and 630 nm, corresponding to peak absorbances for PNDI and PTB7 blocks, respectively, and greater absorbance intensity at 630 nm is observed for the block copolymer relative to the PNDI homopolymer. Based on 1 H NMR analysis, the PTB7-b-PNDI block copolymer is comprised of 9.7 wt% PTB7 (see ESI † for details on analysis). Two additional estimates of the block copolymer composition are provided in the ESI † based on (i) SEC UV-Vis analysis (estimated composition 9.9 wt% of PTB7) and (ii) steady state solution UV-Vis absorption (estimated composition 9.5 wt% of PTB7). All three methods estimate comparable composition of the block copolymer. The discrepancy between the M w of the initial PTB7 macro-reagent (11.6 kg mol À1 ) and that of the PTB7 block in the nal block copolymer (approx. 5 kg mol À1 ) suggests fractionation during the second Stille polycondensation reaction. Lower molecular weight PTB7 macroreagent reacts faster, as would be expected, and unreacted PTB7 is washed out in the subsequent sample purication. Next, we examined the impact of PTB7-b-PNDI additives on the performance and electronic properties of PTB7/PCBM 61 bulk heterojunction photovoltaic devices. The overall device architecture consisted of an inverted structure (ITO/ZnO/active layer/PEDOT:PSS/Ag), and the overall ratio between PTB7 and PCBM 61 was held constant at 1 : 1.75 consistent with prior optimization studies of PTB7/PCBM 61 OPVs.
11,36 Fig. 2 shows current-voltage (J-V) curves for devices ranging from 0 to 15 wt% block copolymer added, and Table 2 provides quantitative data for the best performance for each blend. Device characteristics averaged over 10 devices exhibit similar trends and are provided in ESI Table S1 . † The PCE measured for the base case of PTB7/PCBM 61 with no additive is comparable to prior literature reports which use PCBM 61 as the acceptor.
11,36
A signicant improvement of PCE was observed with small amounts of BCP additives, from a PCE of 3.05% with no additive up to 5.1% with 3 wt% BCP additive. Most striking is the increase in the V OC with the addition of BCPs, from a value of 0.72 V to 0.82 V with only 2 wt% BCP added. The V OC remains constant at 0.82 V for higher contents of BCP beyond 2 wt%. This value of V OC is also higher than that reported for state-ofthe art PTB7-PCBM 61 and PTB7-PCBM 71 OPV devices, 5, 37, 38 including studies that incorporate a third component to enhance performance. [39] [40] [41] [42] [43] A recent study by Lu et al. found a similar magnitude increase in V OC with the addition of 50 wt% of a second donor. 43 Importantly, the observed trend of V OC is different from that typically observed for ternary blend systems, where a number of studies have reported either a linear change in V OC for blends with good compatibility or pinning of V OC to a low value for blends with poor compatibility. [43] [44] [45] Here, we observe pinning of V OC to a higher value. The short-circuit current (J SC ) and ll factor (FF) increase with the added BCP and then quickly drop for BCP contents above 10 wt%.
To further understand the impact the BCP additive has on electronic properties, we analyzed ternary PTB7/PCBM 61 /PNDI ternary blend OPVs. With a pure PNDI additive, the V OC exhibited a roughly linear increase with increasing additive concentration. The PNDI additive has a benecial impact on device PCE predominantly through an increase in the shortcircuit current and ll factor. The evolution of device characteristics with the PNDI additive was consistent with prior studies of ternary blend OPVs with two acceptors.
46
Trends in device characteristics with different additive contents are shown in Fig. 3 . The results shown for PTB7-b-PNDI and PNDI homopolymer additives reveal a qualitative and quantitative difference in the impact these additives have on V OC and J SC . The PTB7-b-PNDI additive has a dramatic impact on V OC , which reaches a plateau at 2 wt% and remains high for subsequent devices. In contrast, the V OC increases more gradually with the PNDI additive, eventually reaching a value of 0.82 V at 15 wt% additive, and PNDI additive has a more dramatic impact on the J SC .
There are several examples reported in the literature in which the V OC is pinned to the lowest value V OC due to poor compatibility between components, and, for example, varying the additive concentration from 0 to 90% does not change the V OC . 44, 45 In one example, Khlyabich et al. examined ternary blend OPVs comprised of two immiscible polymeric donors and found a low V OC pinned by the smallest HOMO of the two polymer donors and the LUMO of the acceptor. 45 Lu et al. studied ternary blends of PTB7 a second donor polymer poly-3-oxothieno [3,4-d] isothiazole-1,1-dioxide/benzodithiophene (PID2) and PCBM 71 . EQE measurements showed improved light harvesting by PID2, enhancing PCE from 7.2% to 8.2% at optimal additive composition. However, V OC was pinned at 0.72 V for blend compositions up to 90% PID2, compared to 0.86 V for 100% PID2 as a donor. 39 Here, in the case of PTB7-b-PNDI additives, we observe an increased V OC compared to that in the case of both PNDI-b-PTB7 and PNDI additives.
Given the relative ordering of the energy levels (see Fig. 4 ), and the electron affinity of PNDI, [47] [48] [49] PNDI is expected to act as an electron acceptor (see ESI Fig. S6 † for cyclic voltammetry  measurements) . This leads to the possibility that PNDI and PCBM 61 form an alloyed acceptor blend. 46 However, in the case of PTB7-b-PNDI the V OC is observed to be independent of composition above 2 wt% PTB7-b-PNDI. Furthermore, while devices with the pure PNDI additive show a continuous change in V OC which may reect an alloyed acceptor, the change in V OC is larger than would be expected for just 15 wt% PNDI added, where the PCBM 61 should still be dominant. Instead, the observed device characteristics are consistent with a paralleltype model proposed for ternary blend OPVs. 27, 28 In this picture, the third component forms a phase-segregated percolating channel rather than blending or alloying with the donor or acceptor phase.
To understand the predictions of this model for the particular system under study, we rst note that the energy levels of PNDI are such that the HOMO and LUMO are positioned between those of PTB7 and PCBM, as shown in Fig. 4 . In a perfectly mixed system, electrons would relax to the lowest energy state available, which would be either on PCBM or on an alloy of PCBM and PNDI. In the parallel-like model, with the addition of PTB7-b-PNDI, PNDI forms an independent percolating channel. As a result, the electrons can distribute to the LUMO of PNDI, resulting in the observed increase in the V OC .
Surface energy values provide an estimate of enthalpic interactions between different components and can provide insight into the expected morphological changes. The surface energies were previously measured through contact angle measurements and can used to estimate the enthalpic interactions between different components. 25 The surface energies of the polymers and binary Flory-Huggins interaction parameters c indicate that PNDI will be strongly segregated from both PTB7 and PCBM (c PTB7-PNDI ¼ 1.20 and c PCBM-PNDI ¼ 3.36), while mixing is expected between PTB7 and PCBM 61 (c PTB7-PCBM ¼ 0.77), as has been observed in prior morphological studies.
5,11
As a result, PNDI should be segregated from both PTB7 and PCBM 61 , consistent with the expected morphology of a parallellike BHJ OPV.
27,28
For comparison with parallel bulk heterojunction photovoltaics, we fabricated true parallel bilayer OPVs. Bilayer OPVs provide a useful model system for studying electronic properties of the donor-acceptor interface. 50 Bilayer devices with PCBM 61 / PTB7 or PNDI/PTB7 active layers were fabricated separately and then connected in parallel, as shown in ESI Fig. S7 . † The device characteristics and J-V curves are shown in ESI Table S2 and Fig. S7 . † The PTB7/PCBM 61 bilayer device exhibits a V OC of 0.72 V while the PTB7/PNDI device has a much higher V OC of 0.80 V. When connected in parallel, the resulting V OC is 0.74 V, intermediate between the two bilayer devices and in good agreement with the expected V OC based on weighting each cell by its current production. 28 Similarly, the parallel bulk heterojunction OPVs exhibit an increase in V OC with the addition of block copolymers. The higher value of V OC in the block copolymer devices indicates a larger current through the PNDI domains relative to the parallel bilayer OPVs.
To investigate phase separation and mixing in the ternary blend system, we analyzed model bilayer blends of PTB7, PNDI, and deuterated PCBM 61 (d-PCBM 61 ) by time of ight secondary ion mass spectroscopy (TOF-SIMS). TOF-SIMS has been applied to organic and inorganic lms to perform compositional and isotopic analyses along with depth proling with subnanometer resolutions. [51] [52] [53] We analyzed bilayer lms in order to investigate mixing and phase separation of d-PCBM from either PNDI or PTB7, as shown schematically in Fig. 5 . d-PCBM 61 was used in In one experiment, a lm of pure PNDI (70 nm) was deposited on top of a blend lm (50 : 50 wt%) of PTB7:d-PCBM 61 while in a second experiment a lm of pure PTB7 (70 nm) was deposited on top of a blend lm (50 : 50 wt%) of PNDI and d-PCBM 61 . The bilayers were prepared through lm transfer at room temperature, ensuring that no mixing occurred prior to TOF-SIMS analysis and/or thermal annealing. Based on the interaction energies of each component, we hypothesized that d-PCBM 61 would preferentially segregate to the PTB7 layer. In the rst experiment, we thus expected d-PCBM 61 to remain in the bottom PTB7 layer, while in the second experiment we expected diffusion of the d-PCBM 61 to the top PTB7 layer during annealing. Due to the slow diffusion kinetics and incompatibility between PTB7 and PNDI, no mixing was expected during annealing. Indeed, this is supported through TOF-SIMS analysis of secondary ions corresponding to each component (see ESI Fig. S8 †) .
As shown in Fig. 5B 
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To quantify morphological changes within bulk-heterojunction OPVs, ternary blend lms were analyzed by transmission electron microscopy (TEM) and grazing-incidence wide angle X-ray scattering (GIWAXS). TEM and GIWAXS samples were prepared under similar conditions to those of devices, by spin-coating blends from a mixture of chlorobenzene : DIO (97 : 3 v/v) and annealing at 100 C for 10 minutes. TEM results suggest that, indeed, a layer of PTB7 may insulate the PNDI from the PCBM (Fig. 6 and ESI Fig. S9 †) . The TEM analysis of PTB7:PCBM 61 blends is shown in ESI Fig. S10 † for reference. In the TEM micrographs for blends with PTB7-b-PNDI and PNDI additives, we observe evidence of three-phase coexistence: black domains, gray domains, and white domains. The PCBM is the highest density component, and dark areas indicate the preferential distribution of the PCBM material. Accordingly, we propose that the black domains are rich in PCBM. The relative ordering of the interaction parameters indicates that the strength of segregation between the PNDI and PCBM is stronger than the strength of segregation between the PTB7 and PCBM. Accordingly, it is likely that the PTB7 should distribute preferentially to the space between the PNDI and PCBM (effectively screening the PNDI and PCBM from interacting with one another). Given this explanation, we propose that the gray domains are PTB7 and PCBM intermixed while the white domains are rich in PNDI. GIWAXS analysis shown in Fig. 7 and in ESI Fig. S11 -S14 † also supports this interpretation of morphology. Pristine PTB7/ PCBM blends exhibit an intense peak along the q z ¼ 0.30Å À1 characteristic from PTB7 and a ring at q ¼ 1.40Å
À1 from amorphous PCBM. PNDI crystallization is suppressed below 2 wt% PTB7-b-PNDI additive, but at 3 wt% PNDI and higher, a diffraction peak at q ¼ 0.48Å À1 reects PNDI crystallization.
This suggests enrichment of PNDI into a distinct phase. Similar trends are found for the PNDI homopolymer, except that evidence for crystallization is not observed up to concentrations higher than 3 wt% PNDI additive, suggesting some mixing with PCBM at these low concentrations. The morphological studies therefore support the picture of phase separated PNDI domains, which supports the hypothesis a parallel-like BHJ OPV with the addition of additives. This also implies that PCBM 61 mixes preferentially with PTB7 domains. Selective mixing of PCBM 61 with one polymer of a ternary blend system has been recently observed in a ternary blend system. Hartmeier et al. showed that preferential solubility was detrimental to the performance of a ternary blend OPV consisting of two donor polymers, and the authors proposed a guideline for the design of ternary blend OPVs that the miscibility of PCBM 61 with both polymers should be matched. 54 The present system is comprised of a ternary blend with one donor and one acceptor polymer, and as a result matching PCBM 61 solubility for both polymers is likely not to be an important design principle. In comparing the V OC trends for BCP and PNDI homopolymer loadings, we propose that the V OC pinning may be sharper for the case of the BCP loading because the PNDI polymer is attached to a PTB7 block. This PTB7 block is likely to shield the PNDI from the PCBM or drive the BCP into the PTB7-rich phase rather than the PCBM-rich domains, which enhances the formation of a parallel-like morphology.
Conclusion
In conclusion, we studied the effect of an all-conjugated block copolymer PTB7-b-PNDI in PTB7/PCBM ternary blends solar cells. PTB7-b-PNDI was synthesized by sequential Stille polycondensation, in which a low molecular weight PTB7 was used as a macroend-capper. Combination of size-exclusion chromatography, UV-VIS absorption measurements and 1 H NMR conrms the success of the sequential polymerization. Small amounts (2 wt%) of BCP lead to signicant impact on photovoltaic performance by enhancing open-circuit voltages by 100 mV. We also compared the results with PTB7-b-PNDI additives with those with homopolymer PNDI additives, which exhibit a smaller but still signicant impact on the V OC . Based on surface energy calculations and morphological analysis through TOF-SIMS and TEM, we conclude that the ternary blend systems studied are consistent with parallel-like OPVs, in which the PNDI forms a distinct acceptor phase. These results point to novel effects with both PNDI and PNDI-b-PTB7 additives and suggest that the development of all-conjugated block copolymers with donor and acceptor blocks may be a viable way to tune electronic properties and enhance the performance of BHJ OPVs.
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